A major side effect of insulin treatment of diabetes is weight gain, which limits patient compliance and may pose additional health risks. Although the mechanisms responsible for this weight gain are poorly understood, it has been suggested that there may be a link to the incidence of recurrent episodes of hypoglycemia. Here we present a rodent model of marked weight gain associated with weekly insulin-induced hypoglycemic episodes in the absence of diabetes. Insulin treatment caused a significant increase in both body weight and fat mass, accompanied by reduced motor activity, lowered thermogenesis in response to a cold challenge, and reduced brown fat uncoupling protein mRNA. However, there was no effect of insulin treatment on total food intake nor on hypothalamic neuropeptide Y or proopiomelanocortin mRNA expression, and insulin-treated animals did not become insulinresistant. Our results suggest that repeated iatrogenic hypoglycemia leads to weight gain, and that such weight gain is associated with a multifaceted deficit in metabolic regulation rather than to a chronic increase in caloric intake. obesity; diabetes; insulin; hypoglycemia INTENSIVE INSULIN THERAPY (IIT) is now well-established as the optimal approach to control diabetic hyperglycemia in both type 1 and, increasingly, type 2 diabetes mellitus. However, two major side effects limit acceptance of, and compliance with, such therapy: an increased incidence of hypoglycemia and frequent weight gain that continues over several years. Weight gain as a result of insulin therapy is a consistent finding of major trials (11, 16) and is often greater than that seen with other treatment regimes. Such weight gain may not only act as a barrier to patient compliance but may to some extent also oppose the beneficial health consequences of improved glycemic control.
-A major side effect of insulin treatment of diabetes is weight gain, which limits patient compliance and may pose additional health risks. Although the mechanisms responsible for this weight gain are poorly understood, it has been suggested that there may be a link to the incidence of recurrent episodes of hypoglycemia. Here we present a rodent model of marked weight gain associated with weekly insulin-induced hypoglycemic episodes in the absence of diabetes. Insulin treatment caused a significant increase in both body weight and fat mass, accompanied by reduced motor activity, lowered thermogenesis in response to a cold challenge, and reduced brown fat uncoupling protein mRNA. However, there was no effect of insulin treatment on total food intake nor on hypothalamic neuropeptide Y or proopiomelanocortin mRNA expression, and insulin-treated animals did not become insulinresistant. Our results suggest that repeated iatrogenic hypoglycemia leads to weight gain, and that such weight gain is associated with a multifaceted deficit in metabolic regulation rather than to a chronic increase in caloric intake. obesity; diabetes; insulin; hypoglycemia INTENSIVE INSULIN THERAPY (IIT) is now well-established as the optimal approach to control diabetic hyperglycemia in both type 1 and, increasingly, type 2 diabetes mellitus. However, two major side effects limit acceptance of, and compliance with, such therapy: an increased incidence of hypoglycemia and frequent weight gain that continues over several years. Weight gain as a result of insulin therapy is a consistent finding of major trials (11, 16) and is often greater than that seen with other treatment regimes. Such weight gain may not only act as a barrier to patient compliance but may to some extent also oppose the beneficial health consequences of improved glycemic control.
Several explanations for the mechanism(s) by which IIT causes weight gain have been suggested, including hyperphagia following hypoglycemic stimuli, alteration of physical activity level, the anabolic and/or lipogenic actions of insulin, and/or decreased glycosuria (1, 5, 17, 19, 40) . However, it has proven difficult to establish the mechanisms underlying weight gain in human studies due to the complex nature of potential mechanisms, difficulty in achieving optimal experimental glycemic control and detection of hypoglycemia, difficulty in accurately recording food intake and motor activity, and the ethical issues in constructing control groups with potentially suboptimal treatment regimes; the overall conclusion has been that the cause(s) of weight gain associated with IIT remain unclear (17) . Weight gain appears to be associated with the incidence of repeated insulin-induced hypoglycemia (RH; see Refs. 12 and 35); however, this has not been directly studied. Moreover, the link between insulin therapy and increased weight appears somewhat paradoxical, given the well-established anorectic action of insulin on hypothalamically mediated feeding responses.
We previously reported (30) that an animal model of long-term, clinically relevant RH produced significant alteration of subsequent neural function. Consistent with the human literature, this model also produced markedly impaired neuroendocrine responses to further hypoglycemic episodes, which is the defining characteristic of hypoglycemia-associated autonomic failure seen in human diabetic patients following RH. It became clear that our RH protocol was causing significant weight gain and hence might also serve as an animal model for insulin-induced weight gain seen in human patients. Here, we present the first characterization of such a model, which is a further report on the same animals whose neural function and counterregulatory hormonal responses we previously described (30) .
METHODS

Subjects.
Ninety eight male Sprague-Dawley rats (Charles River, Wilmington, MA) were studied, starting at 1 mo of age. Rats were individually housed, with food and water available ad libitum, on a 12:12-h light-dark schedule (lights on 7:00 A.M.). A standard laboratory chow was provided to all animals throughout, and room/cage temperature was maintained at 70°F. All procedures were approved by the Yale University Institutional Animal Care and Use Committee.
After a 1-wk acclimatization period, animals received one injection per week, intraperitoneally, of either sterile saline (0.5 ml, control animals) or human insulin (Humulin, RH animals; Eli Lilly). The insulin dose was initially 10 U/kg, given in 0.5 ml saline, which in our hands lowers tail vein blood glucose to 30 -40 mg/dl (e.g., see Refs. 13 and 29); insulin was given between 10:00 and 11:00 A.M. on the same day each week. RH animals were closely observed after induction of hypoglycemia, and food was withheld for 3 h. During a random subset of the weekly hypoglycemic episodes, blood glucose levels were monitored to confirm that hypoglycemia was consistently achieved. There were no instances of blood glucose levels below 30 mg/dl. Rats who became nonresponsive to mild tail pinch received 50% dextrose, intraperitoneally, to achieve target hypoglycemia; this occurred fewer than 10 times in total. No animal experienced coma or seizure. Insulin doses (but not volume) were gradually reduced to maintain this level of induced hypoglycemia; the RH rats required progressively less insulin to achieve target hypoglycemia. This most likely resulted in large part from loss of the counterregulatory response to induction of hypoglycemia (7) . By the end of the experiment, the dose of insulin required to achieve and maintain rats at 30 -40 mg/dl tail vein blood glucose for 3 h was only 0.5 U/kg.
Studies were carried out on animals at 4, 8, and 12 mo of age. The initial aim of this protocol was to examine the impact of weekly bouts of hypoglycemia on subsequent cognitive performance (30); hence, measurements of feeding and detailed weight gain were not performed between 1 and 4 mo. Therefore, an additional group of animals (n ϭ 16) were used for a repeat of the weekly saline or insulin intraperitoneal injection protocol, with measurement of daily food intake, motor activity, and core temperature starting at 1 mo of age.
Surgery. Some animals underwent one of two types of surgery for the placement of either 1) indwelling vascular catheters, as described previously (30), or 2) intraperitoneal minitransmitters (for acquisition of motor activity and core temperature data; MiniMitter). Animals received atropine sulfate (0.2 ml of 540 mg/ml solution, ip) followed by anesthesia with a ketamine-xylazine mix and were allowed to recover for 1 wk following surgery, before any testing or measurement, during which time they were handled extensively. Surgeries were not performed on the day of insulin administration nor on the following day.
Euthanasia. Animals were killed with an overdose of pentobarbital sodium. Immediately following death, random subsets of animals were analyzed for body fat by differential X-ray absorption (DEXA), had their fat pads dissected and weighed, had their interscapular brown adipose tissue (BAT) removed for uncoupling protein (UCP) 1 mRNA analysis, or had their brains removed for later study. No animal was used for more than one of these measures to avoid confounds, minimize any impact of outlying individuals, and maximize confidence in the different measures. Animals were killed either 3 or 4 days after the day of RH, between 12:00 and 3:00 P.M.
Intravenous glucose tolerance test studies. An intravenous glucose bolus (500 mg/kg) was administered through an indwelling catheter, followed by sampling of plasma glucose and insulin at 5, 10, 30, and 60 min. These measures were taken either 3 or 4 days after the day of RH, during the light cycle.
Arcuate mRNA measurements. These measurements were taken at 12 mo of age, to maximize any long-term neural changes caused by RH. Immediately following pentobarbital overdose, brains were removed into chilled isopentane (Ϫ30°C) and then transferred to storage at Ϫ80°C until analyzed. Frozen brains were cut on a cryostat at Ϫ12°C in 300-m sections. Cut sections were placed in RNA Later (Ambion) until micropunched using modifications (24, 25) of the method of Palkovits (33) . Micropunched brain nuclei were sonicated in a guanadinium thiocyanate solution and purified using magnetic beads (MagMax-96; Ambion). Quantitation of mRNA was carried out by quantitative real-time reverse transcription-polymerase chain reaction as previously described (24) . Briefly, genomic DNA was removed with DNase, and mRNA was reverse-transcribed with random hexamer priming using Superscript-3 (Invitrogen) and treated with RNaseH (Ambion). Primer sets for proopiomelanocortin (POMC) and neuropeptide Y (NPY) were designed by reference to published sequences, and their specificity was verified using Genebank: NPY forward TCGTGTGTTTGGGCATTCTG, reverse GCGGAGT-AGTATCTGGCCATGT, probe ACAATCCGGGCGAGGA; POMC forward GGCGTGCGGAGGAAGAG, reverse GCCCTCCCGTG-GACTTG, probe TGGCCGTCCGGAGC; and cyclophilin forward AATGGCACTGGTGGCAAGTC, reverse GCCAGGACCTGTAT-GCTTCAG, probe TCTACGGAGAGAAATT. Primers and their sequence-specific probes prepared by Applied Biosystems were sequenced and then quantified with an Applied Biosystems 7700 realtime PCR system set for 40 PCR cycles. Standard curves were generated from serially diluted pooled samples for each probe and for constitutively expressed mRNA (cyclophilin) to control for differences in amplification efficiency. Results were calculated from the standard curve relative to cyclophilin.
Fat pad/BAT measurements. Immediately following pentobarbital overdose, the abdominal cavity was opened, and four fat pads were removed for immediate weighing: the mesenteric, perirenal, retroperitoneal, and epididymal pads; the perirenal and retroperitoneal pads were combined for ease of measurement. In separate animals, the interscapular fat pad was removed, and the central BAT section was dissected out on chilled glass plates and then immediately placed in chilled isopentane before being stored at Ϫ80°C until analysis.
DEXA body fat measurement. Animals were studied at 8 mo old; at 12 mo, the larger RH animals were too large to fit into the scanner. Body composition was measured by DEXA (PiximusII; Lunar, Madison, WI) as a torso scan (the torso filled the scan field), separated into the body compartments fat mass, lean mass, and bone.
Thyroid hormone. Total thyroxine (T 4) was measured in 5 ml of rat serum as previously described (15) . Briefly, each assay tube contained 100 ml barbital buffer (0.11 M sodium barbital, 0.1% wt/vol 8 anilino-1-napthalen-sulfonic acid sodium salt, 15% wt/vol bovine ␥-globulin, Cohn fraction II, and 0.1% wt/vol gelatin, pH 8.6), 100 ml anti-T4 (rabbit; Sigma) diluted to a final concentration of 1:30,000, and 100 ml 125 I-labeled T4 (12,000 -15,000 counts/min; Perkin Elmer/ NEN). Standards were prepared from T4 (Sigma) measured using a Cahn electrobalance; standards were run in triplicate, whereas samples were run in duplicate. Standards were calibrated to measure serum T4 levels from 0.4 to 25.6 mg/dl. Tubes were incubated at 37°C for 1 h and then chilled on wet ice for 30 min. Bound counts were precipitated by adding 300 ml ice-cold polyethylene glycol 6000 (20% wt/vol; Sigma). Tubes were centrifuged at 1,800 g for 20 min at 4°, the supernatant was aspirated, and the pellet was counted in a gamma counter (Packard Cobra II). The assay was run at 40 -50% binding; nonspecific binding was generally below 8%.
BAT UCP1 mRNA measurement. Total RNA was extracted from BAT according to the TRI Reagent protocol with minor modifications (6) . Tissue was homogenized with Trizol reagent (GIBCO-BRL, Paisley, UK) (10 l Trizol/mg tissue), and total RNA was precipitated with isopropanol after phase separation with chloroform (200 l/ml Trizol). The aqueous phase was removed, and total RNA was precipitated with isopropanol. The subsequent RNA pellet was washed with 75% ethanol and then stored at Ϫ80°C in 100% ethanol until quantification.
Aliquots of RNA, reconstituted in 10 mM Tris·HCl and 0.1 mM EDTA, were denatured and read on a spectrophotometer (DU-640; Beckman Coulter, Fullerton, CA) at 230, 260, 270, 280, and 320 nm. Samples were fixed to nylon membranes according to the slot-blot method (31) . After the membranes were soaked in six times standard sodium citrate (6ϫ SSC), 2 g of total RNA from each sample was dissolved in 7.4% formaldehyde and SSC and applied to a nylon membrane through a microfiltration apparatus. Membranes were shadowed with ultraviolet (UV) light to verify that the samples were evenly loaded and then UV cross-linked to fix the RNA to the membrane (39).
A random primer labeling kit (Stratagene, Cedar Creek, TX) was used to quantify UCP1 and ␤-actin mRNA on the nylon membranes from the slot blot. Membranes were prehybridized for 30 min at 68°C in QuikHybe Hybridization Solution (Stratagene, La Jolla, CA). For UCP1 hybridization, cDNA probes, graciously supplied by Dr. Daniel Riquier (Meudon, France), specific for rodent UCP1, were used. A purchased ␤-actin probe (ONCOR, Gaithersburg, MD) was used for ␤-actin hybridization. Membranes were hybridized for 1 h at 68°C in a medium containing QuikHybe Hybridization Solution, random oligonucleotide primers, 5ϫ buffer, [ 32 P]2-deoxycytidine 5=-triphosphate, Klenow polymerase, salmon testes DNA, and purified probes. After hybridization, the membranes were washed two times in 2ϫ SSC, 0.1% sodium dodecyl sulfate (SDS) at room temperature and then washed again in 0.1ϫ SSC, 0.1% SDS at 60°C. The membranes were placed in a cassette with a phosphor screen for 2 days. After exposure, the phosphor screens were scanned with a densitometer (Storm 860-PC Scanner; Molecular Dynamics, Sunnyvale, CA), and mRNA was quantified using ImageQuaNT version 5.0 software (Molecular Dynamics). Gene expression levels are expressed in optical density units. The membranes were then stripped of the UCP1 probe and radioactive label and washed with 10 mM Na 2HPO4 for 1 h at 60°C followed by a second wash with 25 mM Na2HPO4 for 20 min at room temperature. After verifying by phosphor screen exposure that the radioactivity was completely removed from the membranes, the membranes were then hybridized with the ␤-actin probe, placed in a cassette with a phosphor screen, and quantified as described above. The data are represented as a ratio of UCP1 mRNA and ␤-actin mRNA to account for nonspecific changes in gene expression and potential variability during loading of the samples during the slot-blot procedure.
Food intake. In animals whose food intake was measured, the standard chow was replaced with a powdered chow of identical composition that was given in a fixed glass bowl designed to prevent spillage and attached to the cage base with adhesive; pilot tests with additional (untreated) animals in cages without bedding, to allow observation of any spillage, suggested that spillage was minimal at most (below 1%), a conclusion supported by the consistent consumption measurements across days. Food was weighed each morning and replenished. Food intake was not measured at 12 mo, as no group differences were seen at 4 or 8 mo. On the rare occasion where spillage was observed (n ϭ 2), the data from that cage for that day were discarded.
Motor activity/core body temperature monitoring. To allow for objective monitoring of animals' motor activity and core body temperature, implanted intraperitoneal minitransmitters (MiniMitter) were used. After a 1-wk postsurgery recovery period, data were collected continuously via a platform mounted underneath each cage (the animals remaining in their home cages throughout), with measures of activity and temperature collected every minute. Following baseline measurements, animals were placed in a chilled room (ambient temperature held at 4°C) to allow measurement of core temperature response to a cold challenge.
Statistical analysis. Analysis was done using Excel and/or PRISM, with an a priori alpha level set at 0.05. Weight gain data, insulin sensitivity data, motor activity data, and core temperature data were analyzed using repeated-measures two-way ANOVA. UCP mRNA comparison used a single t-test, and comparison of fat pat weights at 8 mo used single t-tests Bonferroni-corrected for multiple comparisons. Food-intake data were analyzed between groups by week using a repeated-measure two-way ANOVA and by day within the early weeks of RH treatment using a simple t-test comparing day of treatment against all other days combined. Follow-up comparisons between groups, where done, used Bonferroni-corrected t-tests.
RESULTS
Body weight. Animals in the RH group became significantly heavier than did control animals, with significant differences observed as early as 4 wk after the start of treatment. Average body weights at 4, 8, and 12 mo of age are shown in Fig. 1A . At all ages, there was a complete separation of animal weights between the two groups, with all animals in the RH groups being heavier than every animal in the saline control group. A median-weight member of each group, at 8 mo, is shown in Fig. 1B . Control animals' weight plateaued at 8 mo, but that of RH animals continued to increase between 8 and 12 mo.
Fat mass. RH animals' greater weight was reflected in significantly greater fat pad mass. Data at 8 mo are shown in Fig. 2 ; RH animals showed increases in the size of all pads, with their combined weight averaging 280% that of controls; by 12 mo, the RH animals' fat pad weights averaged 420% of At all ages, there was a complete separation of weight gain between groups, so that all repeated insulin-induced hypoglycemia (RH) animals were heavier than all control animals. There were significant effects of both age and treatment on weight gain, as well as an interaction between treatment and age: control animals' mean weight was significantly lower than that of RH animals at all ages (all P Ͻ 0.0001). B: median-weight animals from the control (top left) and RH (bottom right) groups are pictured at 8 mo to illustrate differences in body size.
control values (both 8-and 12-mo group differences, P Ͻ 0.0001). The group differences in fat mass were confirmed by DEXA measurements at 8 mo: control animals had an average percentage fat of 14 Ϯ 1%, whereas RH animals had 25 Ϯ 2% body fat (P Ͻ 0.0001). Insulin sensitivity. As noted above, the dose of insulin needed to produce target hypoglycemia decreased across the study, from 10 U/kg to an average of 0.5 U/kg at 12 mo, suggesting that the weight gain associated with the RH protocol might not be associated with insulin resistance. This issue was evaluated at 8 mo using an intravenous glucose tolerance test (IVGTT). No group differences were seen in the IVGTT, with average plasma glucose returning to baseline by 30 min after glucose bolus administration in both groups and no difference in plasma glucose or insulin profiles (Fig. 3) . As previously reported (30) , fasting plasma glucose and insulin did not differ between groups at any age. The failure to observe any group difference either in the IVGTT or using the homeostasis model assessment (HOMA) model of insulin resistance (26) suggests that there was no group difference in systemic insulin sensitivity, although it is possible that any difference was below the sensitivity of these measures.
We confirmed that the reduction in insulin dose required to produce the weekly hypoglycemic bouts was not the result of any conditioning to the injection per se by administering a saline injection to 12-mo-old RH animals at the time when they would have expected to receive their weekly insulin injection: this had no effect on plasma glucose (Ϫ5 Ϯ 4 mg/dl), comparable to the lack of effect in control animals [2 Ϯ 3 mg/dl, P ϭ not significant (NS)].
Counterregulatory hormone response to hypoglycemia. These data have been previously reported (30), along with characterization of the impact of RH on cognitive and hippocampal function, and are hence not described in detail here: RH led to the expected marked reduction in hormone release to subsequent hypoglycemia.
Motor activity. At 4 mo, motor activity level was extremely variable, both inter-and intraanimal, even when averaged across several days, and no group effects were observed. However, in the 12-mo animals, variance was greatly reduced, and several clear effects emerged (Fig. 4) . Both RH and control animals showed an increase in activity during the hours of darkness (1-6 and 18 -24), but control animals were significantly more active than RH animals at all times, with control rats' overall average activity increase across the 24-h cycle being 232% that of RH animals.
Thyroid hormone. Measurements of serum T 4 at 12 mo showed no significant group difference (controls 36.2 Ϯ 2.5 ng/ml, RH 32.9 Ϯ 2.7 ng/ml, P ϭ NS).
Core temperature. At baseline, there were no group differences in core body temperature in either 4-or 12-mo animals (all means between 37.0 and 37.3°C). At 4 mo, there was similarly no group difference in response to being placed in an ambient temperature of 4°C. However, in 12-mo animals, a small but significant group difference was seen (Fig. 5A) : with prolonged exposure to cold, control animals raised their core temperature while the core temperature of RH animals did not change (P Ͻ 0.0001).
BAT UCP1 mRNA. UCP1, within the BAT, is a major contributor to thermogenesis (and hence energy use) in the rat. Hence, we quantified UCP1 mRNA in BAT from 12-mo-old RH and control animals. BAT from RH animals showed a significant reduction in expression of UCP1 mRNA relative to Fig. 3 . Plasma glucose and insulin levels in 8-mo-old animals in response to an iv glucose bolus given at 0 min. Repeated-measures ANOVA showed no effect of group on either glucose or insulin data.
that of ␤-actin, corrected for sample weight, with a relative mRNA abundance of 44 Ϯ 5 in controls vs. 23 Ϯ 4 in RH animals (P Ͻ 0.01, Fig. 5B ). Importantly, this group difference was also significant when calculated as total UCP1 mRNA per pad, which avoids any confound due to a difference in white adipose infiltration (arbitrary units: 6.7 Ϯ 0.5 for controls vs. 4.5 Ϯ 0.4 for RH, P Ͻ 0.01).
Food intake. No group differences were seen in total food intake, neither during the early stages of treatment (Fig. 6 ) nor at 8 mo (RH average intake 30.4 Ϯ 1.1 g/day, controls average intake 30.7 Ϯ 1.2 g/day, P ϭ NS). Initially, RH animals showed a hyperphagic response during at least a portion of the 24 h following insulin treatment but compensated for this by eating less than the control animals on other days; this pattern persisted for the first 4 wk of treatment, but the hyperphagic response to hypoglycemia then attenuated (consistent with the observed reduction in other autonomic response to repeated hypoglycemia) until by week 7, as shown in Fig. 7 , there was no difference in food consumption in the 24-h posthypoglycemia from that on other days. The absence of posthypoglycemic hyperphagia persisted thereafter.
Hypothalamic mRNA. NPY activity within the hypothalamic arcuate nucleus has a well-established orexigenic role and is increased during glucoprivic feeding; hence, we measured arcuate NPY as well as POMC mRNA in 12-mo-old RH and control animals. Consistent with the absence of group differences in feeding, there were no group effects on abundance of either mRNA: standardized to cyclophilin, NPY had a relative abundance of 0.80 Ϯ 0.04 (RH) vs. 0.84 Ϯ 0.11 (controls), whereas POMC had relative abundances of 0.86 Ϯ 0.15 (RH) and 0.86 Ϯ 0.09 (controls; all P ϭ NS).
DISCUSSION
The data presented here characterize a novel animal model of the weight gain associated with insulin-induced hypoglycemia. Such weight gain is seen, in human diabetic patients, across many months or years, and this is matched by the chronic weight gain of the RH animals in the present experiment. Our protocol was designed to mimic the RH seen in such patients, with a frequency of hypoglycemia comparable to or less than that reported in clinical studies (e.g., see Refs. 5 and 19). After 11 mo of RH, the insulin-treated animals had a mean body mass of 951 vs. 543 g for their control counterparts, an increase of 75%. The amounts of insulin given to the RH animals during the later stages of treatment were small, but weight gain continued. One possibility is that the early period during which animals responded to hypoglycemia with bouts of hyperphagia (shown in Fig. 7 ) may act to prime adipocytes and lead to long-term fat accumulation, even in the absence of altered overall food consumption (Fig. 6 ). There are some data to suggest that body composition is altered in rats who feed during the light phase and/or in single bouts (which would be the case for hypoglycemia-induced binge feeding in the present experiment) rather than the more normal dark-phase feeding, including possible increase in adipocyte proliferation (4, 14, 38) , although the impact on long-term obesity is uncertain (34) . Such an effect would be expected to cause obesity to persist even after cessation of RH, a possibility that we did not address. Our data are also consistent with the possibility that hypoglycemia per se plays a role in at least the maintenance of weight gain: this is true for, for example, the loss of some counterregulatory responses after non-insulin-induced hypoglycemia (27) . Animal models of obesity commonly exhibit systemic insulin resistance (e.g., see Ref. 23 ), which was not evident in the present model with RH and control animals showing similar levels of insulin sensitivity; this suggests that weekly, insulin-induced hypoglycemic episodes may provide a more appropriate model for weight gain seen with IIT, as human studies suggest that responses to insulin administration are maintained or improved with such therapy (2) . We have previously reported that the RH animals examined here had markedly impaired neuroendocrine responses to hypoglycemia Fig. 4 . Motor activity, in arbitrary units of distance traveled, at 12 mo of age. RH animals were significantly less active than control animals throughout the diurnal cycle (effect of group, P Ͻ 0.0001), with both groups showing reduced activity during the light portion of the cycle (hours 7-18; P Ͻ 0.0001 for effect of time on activity but no significant interaction between group and time). compared with control animals, again consistent with the sequelae of IIT in human diabetic patients (30) . Specifically, the RH animals in this study had markedly reduced counterregulatory release of epinephrine to further hypoglycemia (a reduction of roughly 75% compared with control animals), which we have reported previously in the context of cognitive studies (30) . This model has the further advantage of not requiring long-term management of diabetic animals; our previous work on RH and cognition suggests that the impact of long-term RH is similar in diabetic and control animals (29) , but it is possible that the effect of RH on weight gain might differ in the context of underlying diabetes.
Our findings suggest that RH produces both profound weight gain and a significant increase in body fat percentage; moreover, the data suggest that the weight gain observed is a consequence of reduced energy expenditure and/or altered adipose storage rather than any increase in food intake. RH animals showed a complete attenuation of hypoglycemia-induced hyperphagia by week 7 of treatment and compensated for the initial treatment-associated hyperphagia with reduced food consumption at other times during the week between hypoglycemic episodes, so that average food consumption was identical in RH and saline-treated animals at all times measured, although the pattern of food consumption likely varied in the first few weeks of treatment, which may have primed future adipose storage (14, 34, 38) . This finding is consistent with the extensive literature on impaired responses to hypoglycemia after RH, and the relatively long time course of the attenuation in hyperphagia (several weeks) is consistent with the time course of reduced response to hypoglycemia in human diabetic patients (e.g., see Ref. 32) . Our data also are consistent with several clinical studies that have reported a loss of hunger feelings during hypoglycemia after RH and others in which an increase in weight accompanied a decrease in food intake (1, 17, 19) . In addition, the failure to see any group difference in hypothalamic mRNA expression for the feeding-related peptides NPY and POMC supports the conclusion that the observed weight gain in RH animals is not as a result of altered A: core body temperature of 12-mo-old rats after being placed in a 4°C chamber at time 0. Control animals raised their core temperature significantly more than did RH animals (P Ͻ 0.001 for interaction between group and time). B: uncoupling protein 1 (UCP1) mRNA in the brown adipose tissue (BAT) of 12-mo-old rats, standardized to ␤-actin expression. UCP1 mRNA was significantly higher in BAT from control animals than from RH animals, P Ͻ 0.01. food intake. Our data are in contrast to a recent report that feeding responses are maintained after RH; in that study, however, the model of RH used was only a 2-day treatment with daily 6-to 8-h hypoglycemic periods (37) . Given that RH produces marked alteration of hippocampal function (28 -30) , it is interesting and consistent with the present findings that several recent studies have suggested that the hippocampus may play a significant role in regulation of metabolic control (8 -10, 22, 36) .
In contrast to the feeding data, RH animals showed significant reductions in several estimates of energy expenditure. Twelve-month-old RH animals showed a large reduction in spontaneous motor activity during all phases of the day-night cycle. Importantly, this difference was not due to any incapacity in the RH animals: we showed that the two groups of animals have identical motor activity, at all ages studied, when placed in a novel (cognitive testing) environment (30) . Thus, the reduced spontaneous activity of RH animals is unlikely to be due to any physical impairment but is rather due to altered internal drive. Animals were also closely monitored and handled, with no sign of impaired mobility observed in any animal. Although the RH animals became larger, hence requiring additional energy expenditure for a given amount of motor activity, the reduction in activity appears to be greater than could be explained by this variable alone: at 12 mo, RH animals were 69.5% heavier on average than control animals, but control animals' activity was 132% higher than that of the RH animals. Intriguingly, the motor activity data are consistent with data in humans, suggesting that insulin therapy may increase weight initially primarily via increased fat deposition, with a shift to acting via a decrease in energy expenditure after roughly 6 mo (19); other investigators have also found that reduction in energy expenditure is a primary mechanism for weight gain (5) . Reduced motor activity would tend to lower lean body mass, hence potentially lowering resting metabolic rate and further promoting weight gain in the relatively inactive RH animals. Notwithstanding the higher fat mass, RH animals also had greater lean mass than their control counterparts, so that relatively lower energy maintenance requirement of adipose tissue would not, alone, explain continued weight gain in the RH animals in the absence of hyperphagia; however, insulin-induced lipogenesis may also affect subsequent metabolic efficiency (19, 20) . A further contributing factor to initial fat gain in the RH animals, and perhaps to ongoing lowered energy usage, might have been altered metabolic rate caused by early lipogenesis from repeated insulin administration (19, 20) . One possible explanation for altered energy expenditure might have been an alteration in thyroid function, and it has been recently suggested that thyroid hormone may regulate both insulin signaling and hippocampal function (21) . However, we found no difference in serum thyroid (T 4 ) between the two groups, although it is conceivable that differences between groups in T 4 to triiodothyronine conversion might exist. The fact that the dose of insulin required to induce hypoglycemia decreased markedly across the study appears to reflect loss of counterregulation rather than increased insulin sensitivity, given that no group difference in IVGTT or HOMA was observed; of interest, the loss of hypoglycemia-induced hyperphagia shown in Fig. 7 occurred by 7 wk of treatment, whereas the reduction in insulin dosage occurred fairly gradually over the 12 mo of study.
In addition to the reduction in spontaneous motor activity, RH animals showed a reduced level of UCP mRNA in the interscapular BAT and had lower core body temperature (at 12 mo) in response to a cold challenge. RH animals may have had reduced central thermal stress because of additional insulation from their fat mass, but that same insulation would presumably act to retain more heat once produced. The difference in core temperature was small, however, and neither group showed a decrease in temperature below baseline in response to the cold challenge, so impairment in thermogenic regulation in the RH animals is unlikely to be the major determinant of obesity in these animals. However, both metabolic and motor activityrelated energy expenditure appear to be reduced following RH. Recent work suggests that the difference in BAT may, perhaps, be at least in part a consequence of the reduced activity level in the RH animals (3). Future studies, involving long-term indirect calorimetry, may allow for more precise measurements of the exact causes of the observed RH-induced obesity.
The multifaceted pattern of deficits seen in response to this model of RH, with impaired neuroendocrine (30), behavioral (feeding), motor, and thermogenic responses, suggests that the impact of RH on homeostasis may be a general phenomenon with multiple physiological bases, possibly associated with reduced sympathetic tone (18) that would itself be a potential contributor to weight gain, rather than simply impairing counterregulatory responses to subsequent hypoglycemic events. While there are important differences between rodents and humans with regard to energy balance (notably, the reduction of BAT in adult humans), the present protocol of chronic RH appears to offer many useful features as an experimental model of the weight gain associated with insulin therapy.
